Species within a guild vary their use of time, space and resources, thereby enabling sympatry. As intra-guild competition intensifies, such behavioural adaptations may become prominent. We assessed mechanisms of facilitating sympatry among dhole (Cuon alpinus), leopard (Panthera pardus) and tiger (Panthera tigris) in tropical forests of India using camera-trap surveys. We examined population-level temporal, spatial and spatio-temporal segregation among them across four reserves representing a gradient of carnivore and prey densities. Temporal and spatial overlaps were higher at lower prey densities. Combined spatio-temporal overlap was minimal, possibly due to chance. We found fine-scale avoidance behaviours at one high-density reserve. Our results suggest that: (i) patterns of spatial, temporal and spatio-temporal segregation in sympatric carnivores do not necessarily mirror each other; (ii) carnivores are likely to adopt temporal, spatial, and spatio-temporal segregation as alternative mechanisms to facilitate sympatry; and (iii) carnivores show adaptability across a gradient of resource availability, a driver of inter-species competition. We discuss behavioural mechanisms that permit carnivores to co-occupy rather than dominate functional niches, and adaptations to varying intensities of competition that are likely to shape structure and dynamics of carnivore guilds.
Introduction
Mechanisms that allow species in carnivore guilds to coexist have long interested ecologists. At large scales, co-occurrence is generally facilitated through spatial segregation [1] . Because a number of large carnivore species now survive in remnant habitat patches [2] precluding spatial segregation, the resulting enforced sympatry may result in intense competitive responses like intimidation, kleptoparasitism, mortality and even spatial exclusion [3, 4] . These competitive interactions have in fact been observed among large carnivores confined within protected reserves [3, 5] . In this context, factors or behavioural adaptations that facilitate sympatry among potentially competing species within insular habitats are key to understanding community structure and dynamics in changing environments.
Sympatric carnivores may show behavioural mechanisms such as partitioning of diet, or differential use of space and/or time, to avoid competitive encounters [5, 6] . Subordinate competitors may avoid activity centres, or locations of higher population density of dominant species [7] . Similarly, species may adapt their circadian activity patterns to reduce temporal activity overlap [8] . At finer scales, competing species respond through active avoidance or intensified & 2017 The Author(s) Published by the Royal Society. All rights reserved.
aggression [4] . Adaptations that facilitate intra-guild sympatry may be more pronounced as competition within the guild intensifies [9] through 'character displacement' (sensu [10] ). Limited availability, diversity or spatial clumping of resources, as well as population densities of the species, can intensify competition [3, 11] . In addition, anthropogenic factors may also influence intra-guild competition directly by affecting species densities, or indirectly by modifying resource levels and distribution [12] . Behavioural mechanisms that allow species to coexist across a gradient of resource availability are not well understood but could provide insights into drivers of community structure across space and time [13, 14] .
Observations of marked or radio-collared individuals allow assessments of behavioural responses to competitors at fine spatial and temporal scales [6] , but typically do not provide insights on population-level mechanisms that facilitate sympatry and cross-population comparisons [15] . Variations in population-level competitive interactions among carnivore species have actually seldom been empirically examined across a gradient of resource availability. Such cross-population comparisons can clarify adaptability of species to competitive intensity and mechanisms of competitor avoidance. In this context, non-invasive camera-trap survey methodology [16] is being increasingly used to address population-level assessments of carnivore ecology and behaviour because of its ability to sample even low-density populations at large spatial scales.
We assessed behavioural mechanisms facilitating co-occurrence among three large carnivore species, dhole Cuon alpinus, leopard Panthera pardus and tiger Panthera tigris, in the Western Ghats, south-western India. This carnivore guild is well suited to our study because of the high degree of dietary overlap among the sympatric predators [6, 17, 18] as well as empirical evidence of competition over ungulate prey species [6, [18] [19] [20] . Radio-telemetry and ad libitum observations also show that diurnal dholes temporally segregate from the more crepuscular/nocturnal felids [6, 21, 22] .
Using photographic data from surveys-which were also designed to estimate carnivore demographic parameters-we examined temporal, spatial and combined spatio-temporal behavioural mechanisms that could potentially facilitate sympatry for each species pair. We also examined how these three mechanisms may function in four study sites characterized by different population densities of these carnivores and their ungulate prey.
Material and methods (a) Study area
Our study was conducted at four sites, which covered five wildlife reserves representing differing carnivore and prey densities. These included two high-density reserves, Nagarahole (here, including the adjoining southern block of Wayanad reserve) and Bandipur (including southern block of Wayanad reserve), one medium-low density reserve, Biligiri Rangaswamy Temple (henceforth, Biligiri) reserve and a relatively low-density reserve, Bhadra ( figure 1 and table 1 ). Together, these reserves represent a gradient of densities of ungulate prey as well as carnivores reliably estimated from previously conducted scientific studies (see table 1 , [23] ; K. U. Karanth 2013, unpublished results). Furthermore, the Malenad landscape in the Western Ghats, within which these four reserves are embedded, also supports larger, viable metapopulations of these three carnivores [25, 26] . All four reserves are currently well protected from hunting and other anthropogenic impacts. However, historical duration of such protection varies, leading to differences in animal population densities. Details of reserve-specific features are in table 1.
(b) Field survey
Non-invasive camera-trap surveys of animals can track temporal activity and space use, providing reliable data for populationlevel inferences [16, 27] ; such inferences are impractical at a population level using methods involving capture and handling rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20161860 of large carnivores, such as radio-telemetry [15] . We relied on a set of extensive and rigorously collected data on the focal species. A total of 562 camera-trap stations were deployed across the five reserves during January to June 2013 to obtain these photo-capture data as a part of a long-term carnivore-monitoring programme in India [6, 18, 23, 28, 29] .
We set up 122, 99, 161 and 180 camera-trap stations, in Bhadra, Biligiri, Nagarahole and Bandipur, respectively (electronic supplementary material, figure S1 ). Trap stations, comprising a pair of camera-traps triggered by animal movement, were separated by Euclidean distances of around 1.5 km on average (electronic supplementary material, table S1), and active for 30 consecutive days at each site. We placed camera-traps along forest trails and dirt roads commonly used by all three species as travel routes, to maximize photo-captures [25, 26] . Date, time and trap location were recorded for every photo-capture (henceforth, 'encounter'). Each photo-encounter was a detection of either a single individual or a cluster of individuals. Multiple photo-captures less than 60 s apart were collapsed into a single independent data point.
(c) Assessing temporal segregation
We tested for temporal segregation in each species pair, within each reserve, in the following manner. First, we described temporal activity patterns for each species in each reserve. We did this by fitting a von Mises probability density distribution (akin to a circular or wrapped normal distribution [30] ) to data on the time of encounter for each species, separately in each reserve. For this analysis, we only considered the time of encounter, ignoring the calendar date. Thus, all encounters were collapsed into a single 24 h period. Second, we tested whether species differed in their temporal activity patterns within each reserve. We did this for each species pair in each reserve, using a Watson's U 2 -test [31] . Third, we calculated the proportion of time within a 24 h period that (i) each species was exclusively active, (ii) activity of any two species overlapped, and (iii) activity of all three species overlapped in each reserve. We generated confidence intervals for each of these estimated proportions through empirical bootstrapping [32, 33] . We inferred behavioural character displacement by identifying differences in species pair-wise temporal overlaps, as calculated above, across the different reserves.
(d) Overlap in space-use
The occupancy modelling framework [34] is increasingly being used for measuring animal space-use patterns. Its ability to probabilistically tease apart true absence from non-detection addresses the key issue of imperfect detection, which biases traditional presence-absence surveys. For each reserve, we used singleseason, two-species habitat occupancy models [35] to assess segregation (or overlap) in space-use between each species pair. In each reserve, we treated individual camera-trap stations as potential Table 1 . Habitat characteristics and carnivore (dhole, leopard and tiger) and prey relative densities in four reserves in the Western Ghats considered in our study.
Bhadra
Biligiri Nagarahole [23] a We use the names Nagarahole and Bandipur in our study to represent the adjoining Protected Areas, Nagarahole and the northern part of Wayanad, and Bandipur and the southern part of Wayanad, respectively. b
Densities of carnivores and prey based on previous studies, where specified, and long-term experience in the study sites (K. U. Karanth 2013, unpublished results). c We segregate prey into large (sambar Rusa unicolor and gaur Bos gaurus), small-mid sized (chital Axis axis, muntjac Muntiacus muntjac and wild pig Sus scrofa) and arboreal (langur Semnopithecus entellus and bonnet macaque Macaca radiata) prey.
rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20161860 sites for occupancy. We aggregated three consecutive days of surveys into a single sample, achieving 10 temporal replicates at each reserve.
The two-species occupancy model [35] estimates the following parameters: (i) c A and (ii) c B , representing probabilities of spaceuse by species A and B, respectively, (iii) p A and (iv) p B , for the probabilities of detecting species A and B, respectively, in a replicate conditional on their presence, and absence of the other species, and (v) r A and (vi) r B , representing probabilities of detecting species A and B, respectively, in a replicate when both species are present [35] . As we assessed fine-scale space use (scale here being defined by the inter-camera-trap distances) within reserves, our interpretation of the parameter c represents probability of use [36] . While we tested for the presence of one predator influencing replicate-level detectability of the other, these models did not converge. Therefore, we reduced the standard two-species occupancy model to assume that the detection of the two species was independent, by setting p A ¼ r A and p B ¼ r B , and by fixing
The derived parameter in the occupancy model that measures species' spatial segregation (or overlap) is f AB , or the species interaction factor (henceforth, SIF), estimated as (c AB )/ (c A Â c B ) [35] . Estimates of SIF , 1 can be interpreted as the two species co-occurring less frequently than expected under a hypothesis of species independence (spatial segregation), while estimates that are greater than one can be interpreted as co-occurrence at sites more frequently than expected under a hypothesis of species independence. A value of SIF ¼ 1 implies that the two species use sites independently. We specifically tested for spatial overlap, or segregation, for all species pairs within each park by comparing (i) a full model where SIF was estimated and (ii) a reduced model, where SIF was fixed to 1 (i.e. assuming independence in site-use). Model comparisons were based on Akaike's information criterion (AIC) [37] . We compared SIF values across reserves to test for differences in population-level spatial segregation (or aggregation).
(e) Spatio-temporal overlap
We used two methods to assess spatio-temporal segregation among the three carnivore species. First, we created a matrix of species encounters per hour for each camera-trap station, or site. Hence, the rows in the matrix represented sites, and columns represented hourly intervals of the diel cycle. Each cell in the matrix contained total number of detections of that species at a particular site during a specified hour, aggregated across the entire survey. We then calculated the proportion of sites, at each hourly interval, when (i) each species was exclusively detected, in the absence of any other species, (ii) detection of activity of any two species overlapped, and (iii) all three species were active. This analysis was done in a manner similar to the one described earlier for assessing temporal overlaps. We used empirical bootstrapping to obtain confidence intervals for these observed proportions [32, 33] .
Next, we estimated time-to-encounter across each species pair in each reserve using multi-response permutation procedures as described by Mielke et al. [38] . To do this, for each encounter of one species at a specific trap location, we calculated the minimum time to encounter co-predators. Thus for each species pair, a set of observed times-to-encounter was obtained. We generated expected statistical distributions of times-to-encounter by randomly assigning encounter times to camera-trap locations, in 1000 simulations. We compared the median observed time-to-encounter with the simulated distribution of expected times-to-encounter. A larger observed time-to-encounter than expected (under an assumption of species independence) reflects species segregation, while a smaller observed time-to-encounter implies species aggregation. We use this method as it tests for spatio-temporal segregation, conditional on observed space-use and temporal activity patterns of the focal species.
Results
In total, we obtained 503, 1018 and 930 photo-encounters of dholes, leopards and tigers, respectively, across all reserves. The total camera-trap sampling effort and numbers of photoencounters for the three carnivore species at each reserve are shown in the electronic supplementary material, table S1.
(a) Temporal activity overlap varies across a resource gradient
We expected dholes to be primarily diurnal, and the two felids to be nocturnal. While this pattern seemed to generally hold, all three carnivores were far more active through the diel cycle in Bhadra, the low prey density reserve, compared with the other three reserves (figure 2; electronic supplementary material, figure S2 ). Temporal activity patterns of tigers and leopards were significantly different in this reserve, with leopards showing relatively more diurnal activity than tigers (U 2 ¼ 0.5, p , 0.001, figure 2) . Similarly, dholes were relatively more nocturnal at this reserve, and as a result, dhole temporal activity patterns did not differ significantly from the two felids (table 2) . In all other reserves, however, as expected, dholes temporally segregated from tigers and leopards (figure 2 and  table 2 ). In Biligiri, as expected, leopards and tigers had similar activity patterns (table 2 and figure 2 ). In the high-density reserves Nagarahole and Bandipur, however, leopards and tigers showed different temporal activity patterns, with leopards showing more crepuscular activity than tigers. These differences were partially reflected in the proportion of temporal overlap across species pairs and reserves. The greatest temporal overlap was observed between tigers and leopards in all reserves, ranging from 0.76 (s.e. ¼ 0.05) in Biligiri to 0.91 (s.e. ¼ 0.02) in Nagarahole. Nagarahole surprisingly showed high temporal overlap of leopard and tiger, a result that is in slight contrast to the Watsons U 2 -test described above. As the proportional overlap approach collapses encounter times into hourly intervals, this result likely reflects that temporal activity patterns of tigers and leopards in Nagarahole overlap when measured at hourly intervals, but this overlap does not occur when measured at finer temporal scales. Mirroring results described above, however, we found relatively large temporal overlap among species in Bhadra, the reserve with the lowest prey densities (table 3) .
(b) Higher spatial overlap at lower prey densities
Spatial co-occurrence among species, within each reserve, was measured using the SIF for species pairs, which provides an assessment of spatial aggregation (if SIF . 1) or segregation (if SIF , 1). The values of SIF ranged between f ( c SE) ¼ 0:97 ð0:10Þ andf ( c SE) ¼ 1:14 ð0:25Þ, across the four reserves (table 4), showing that by and large, the species did not show substantial patterns of spatial overlap or segregation. Nevertheless, most of the SIF estimates were more than 1, indicating some degree of aggregation rather than segregation in space-use (model comparisons in electronic supplementary material, table S2). In Bhadra, where prey densities are the lowest-and temporal overlap of species was the highest-tigers showed highest spatial aggregation with leopards. In Biligiri, which has relatively higher prey densities than Bhadra, tigers and dholes showed some degree of spatial overlap. Leopards in this reserve are found at low densities rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20161860 (table 1) , and perhaps as a result, did not show high spatial overlap with their co-predators in this reserve.
In the high-density reserve, Nagarahole, there was no evidence for spatial aggregation among dholes, leopards and tigers. In Bandipur, however, there was some evidence that leopards occurred with dholes and tigers slightly more frequently than expected under a hypothesis of independent use of space ( Figure 2 . Proportion of encounters of the three carnivores during daytime (06.00-17.59 h; light grey wedges) and night-time (18.00-05.59 h; dark grey wedges) in the four parks. Rose diagrams were generated using ORIANA [39] . Each plot is divided into 24 h, with percentage of detections in each hour on the response axis. purely temporal overlaps considered separately; all three species were photo-captured together at less than 1% of the trap sites and hourly interval categories (table 5) . Furthermore, patterns of combined spatio-temporal overlap did not reflect patterns of either spatial or temporal overlaps. The reserve that had high temporal overlap, Bhadra, showed the least spatio-temporal overlap among species. In fact, the three predators show complete spatio-temporal segregation (i.e. proportion of space-time when all three species were present was estimated to be 0) in the low carnivore density reserves, Bhadra and Biligiri (table 5) ; this may be artefact of the lower densities of carnivores resulting in lower rates of photo-encounter in these two reserves. Leopards and tigers overlapped more in their spatio-temporal activity patterns when compared with dholes, in Nagarahole, Bandipur and Bhadra. However, this pattern was reversed in Biligiri, where leopard density was low. Even when spatio-temporal overlap occurred, we examined the times-to-encounter between carnivore pairs to test for behavioural avoidance. Intra-guild behavioural avoidance was most evident in Nagarahole ( figure 3) . However, the three carnivores did not show such avoidance behaviour in Bandipur, also a high-density reserve. Considered together, our results show that although the three carnivores segregate in space-time at relatively lower densities, this may be an artefact of their relatively low density and resulting lower photo-encounter rates (table 5) . At higher densities, fine-scale behavioural avoidance is apparent in Nagarahole ( figure 3 ), but not in Bandipur. Table 3 . Proportions of time when each species was exclusively active, activity of two species overlapped and all three species overlapped (representative diagrams illustrating each proportion are shown). Values in parentheses are bootstrapped 95% CIs. 
Discussion
By examining fine-scale spatio-temporal interactions among three carnivores, we show mechanisms by which intraguild competitors can co-occur. For the carnivore species we studied, overlap in temporal, spatial or spatio-temporal activity patterns did not necessarily mirror one another. In other words, these three species use temporal activity, space-use patterns and finer scale behavioural segregation as alternative mechanisms to facilitate sympatry. Furthermore, the three carnivores show remarkable adaptability to variations in prey resource availability, by modifying their spatial and temporal activity patterns across populations in a manner similar to 'behavioural character displacement' (or population-level changes in species behaviour across reserves; sensu [10] ).
(a) Behavioural character displacement
Sub-optimal habitats and scarcity of resources can intensify interspecific competition among carnivores [4] . For example, African wild dogs Lycaon pictus move over large distances in search of habitats where they can avoid the competitively dominant lions and hyaenas, which are known to steal their kills [40] . Under scenarios of intensive interspecific competition, a dominant competitor's presence may result in avoidance of resource-rich habitats by subordinate competitors [4] . Our results show evidence of such fine-scale avoidance behaviours in one high carnivore density reserve (Nagarahole), but not in the other (Bandipur; table 5 and  figure 3) . Relatively more open woodland habitat with greater visibility in Bandipur may be a structural feature that restricts fine-scale behavioural avoidance. Additionally, relatively low prey availability may compel carnivores to be more mobile through the diel cycle, investing more efforts to locate and hunt scarce prey [41] . We observed this pattern in the two lower prey density reserves (Bhadra and Biligiri), where all three species showed greater activity throughout the day. Spatial aggregation between carnivore species pairs was also the highest in Bhadra, possibly reflecting lower and more clumped prey availability rather than any specific behavioural separation. Based on our findings, the contrasting competitive spatial displacement among these three predator species reported by Steinmetz et al. [22] from Thailand (where prey densities are even lower than Bhadra) may be an artefact of data scarcity and quality. Alternatively, there may exist a threshold of relative densities of these three predators, above which competitive spatial displacement is replaced by the behavioural adaptations we assessed in this study.
(b) Spatial scale of competitive interactions
Interactions among species are likely to vary based on the spatial scale at which they are observed [1] . In our study Table 5 . Proportions of space and time that each species was exclusively active, activity of two species overlapped and the proportion of space-time where all three species overlapped. We provide representative diagrams to illustrate the proportions. Values in parentheses are bootstrapped 95% confidence intervals. . Within these reserves, however, they occur at higher densities and demonstrate behavioural segregation across time and minimal interactions across space. In one highdensity area, they also exhibited spatio-temporal avoidance behaviour at even finer scales-defined by the distance between camera-trap locations within the same set of reserves. It is clear that spatial scale and local prey resource availability mediate competitive interactions among species. The three predators show a high degree of spatial and temporal overlap in Bhadra and Biligiri (both with lower prey densities), possibly to maximize resource acquisition. By contrast, the three carnivores show temporal segregation, but relatively high spatio-temporal overlap in the high prey density Nagarahole reserve, where uniquely, segregation occurs through fine-scale spatial avoidance [42] . Our results appear to suggest that there is a trade-off among carnivore temporal activity patterns, spatial segregation and reactive behaviours, mediated by primarily by prey availability.
It is likely that we may not have detected all potential finerscale intra-guild carnivore adaptations. For instance, we did not account for the influence of habitat refuges (e.g. presence of dens or trees) or microhabitat features (e.g. cover density), which could influence species interactions [18] . The observations that leopards climb trees to escape from tigers and dholes, and that dhole packs are seasonally localized at den sites, could be additional factors that facilitate finer scale segregation that our methods failed to detect in Bandipur. We note that it becomes increasingly difficult to detect spatial segregation or aggregation as probabilities of site-use get closer to 1. These probabilities range between 0.32 + 0.07 (dholes in Bhadra) and 0.86 + 0.07 (tigers in Biligiri) in our study. It is possible that the high probabilities of use for tigers in particular (0.86 + 0.07, 0.85 + 0.05 and 0.83 + 0.04 in Biligiri, Nagarahole and Bandipur, respectively; electronic supplementary material, table S3) precluded any detection of spatial segregation/ aggregation. But we stress that we examined interspecific mechanisms facilitating sympatry in small, insular, high carnivore density habitats, where total spatial segregation was likely not an ecological option. [4] demonstrated that intra-guild coexistence is facilitated by fine-scale behavioural mechanisms in an African large carnivore community. However, their results are based on radio-collared individuals from a closed terrestrial system. We were interested in characteristics of competing predator species across a gradient of resource availability at the population level. We relied on prior data on resource availability, non-invasive field methods and advanced analytical techniques to examine carnivore intra-guild interactions across space and time. The utility of this approach was evident in two ways. First, while patterns of spatial and temporal overlap among the same species do not differ greatly from results of earlier studies [18] , combining patterns of space use, time of activity, and fine-scale spatio-temporal dimensions revealed complex and alternative mechanisms that facilitate intra-guild sympatry. Second, spatial and temporal patterns of interactions among carnivores showed clear differences across a gradient of competition, demonstrating the value of comparisons across populations. In addition to the behavioural adaptations that we studied, antagonistic interactions among these species have been reported; tigers and leopards kill and prey on dholes [6, 18] , dholes, leopards and tigers steal kills from each other, and leopards can escape from tigers and dholes by climbing trees but are sometimes killed [18, 20] . Such rare antagonistic interactions studied using radio-telemetry may reveal complex interplay of behaviour and ecology among these predators.
(d) Consequences of carnivore competition
Large carnivores typically occupy the highest trophic niche in their habitats. Competition among co-predators is likely to influence lower trophic levels, causing mesopredator release [43] , hyperpredation [44] or cascading effects on the ecosystem [45] . Another implication of our study is the possible role of anthropogenic influences [46] on carnivore intra-guild interactions, and, consequently on large mammal communities that they are part of. Such anthropogenic impacts can include land-use changes and economic development increasing the insularity of nature reserves and carnivore communities [25, 26, 47] , human predation on ungulate prey species [48] , reduction of wild prey by competing domestic livestock, and modification of habitats through fires or manipulation of vegetation and water resources. On the other hand, exclusive management focus on flagship predators [25] could negatively impact subordinate predator populations [49] . These anthropogenic impacts may aggravate or alleviate competitive interactions among carnivores [12, 50] . Such community dynamics typically play out over multiple years, with annual variations in predator and prey abundance and vital rates, co-predator suppression and anthropogenic factors all interacting to shape community structure [13] . Our study looks at a snapshot of four communities characterized by varying densities of predators and prey, and provides useful new insights into the ecological and behavioural adaptability of three globally threatened carnivore species. Such findings not only advance general scientific understanding of animal community ecology in general, but also provide basic knowledge that must necessarily underpin any effective endangered species recovery programme.
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